and 2D). In wild-type embryos,
Epidermis from the L1 to the Adult cells fuse 3 hr after they are generated (Podbilewicz In contrast to observations in embryos, we found that and White, 1994), while in eff-1 embryos, the block in the two eff-1 alleles differ in their effects on postembryepidermal fusion is maintained throughout embryogeneonic fusions. In eff-1(oj55) at all temperatures and in effsis, until L1s hatch 10 hr later. 1(hy21) at 15ЊC or 20ЊC, most epidermal cells derived from lateral seam and the ventral P cells failed to fuse to hyp7 even well beyond 3 hr after they were born (n Ͼ eff-1 Mutant Epidermal Cells Fail in Plasma Membrane Permeabilization 300). Yet many cells did eventually fuse during larval development. At 25ЊC, however, eff-1(hy21) larvae had Previous characterization of live epidermal cell fusion events showed that dissolution of the intercellular junca fully penetrant cell fusion defect (n Ͼ 100; Figure 3B ). Similarly, in larvae with eff-1 mutations placed in trans tion actually occurs minutes after the plasma membranes have disappeared between two fusing cells to a deficiency (eff-1(oj55)/mnDf105 or eff-1(hy21)/ mnDf105), all epidermal cells failed to fuse. Thus, resid-(Mohler et al., 1998). To exclude the possibility that eff-1 mutations might block junction disassembly without ual function in eff-1(oj55) and eff-1(hy21) at 15ЊC appears to allow some successful fusion events during postemblocking membrane fusion per se, we assessed the integrity of epidermal cell membranes by observing diffubryonic development. Further loss of function in eff-1(hy21) at 25ЊC and in the eff-1(Ϫ) deficiency genotypes sion of soluble cytoplasmic GFP. We used a fragment of the lbp-1 promoter (Plenefisch et al., 2000) that drives abrogates cell fusions entirely. We suspect that eff-1(hy21) approaches a functional null phenotype at 25ЊC, expression of GFP within only a subset of the precursors and we have used this allele for all subsequent developmental studies.
To determine whether effects of eff-1(hy21) were specific to cell fusion, we followed the behavior of cells in larvae at different stages of 25ЊC development. We found that all epidermal cells were generated at the right stages of development, exhibited appropriate cell lineage patterns, and made normal cell contacts and short-range migrations (Figure 3) . However, cells failed to fuse even in the adult, and ectopic adherens junctions connected all regions of the epidermis (Figures 3D, 3F , and 3H). We examined thin sections of L4 eff-1(hy21) animals by electron microscopy and found extra epithelial cells bounded by intact membranes and linked by adherens junctions (I. Kolotuev and B.P., unpublished data). Unfused seam cells also produced abnormal cuticle alae. In summary, the morphology and behavior of the unfused epithelial cells appear normal by light and electron microscopy, except that plasma membranes and cell junctions remain intact and unfused cells send processes that cross the boundaries between dorsal, ventral, and lateral epidermis.
eff-1-Mediated Cell Fusion Is Essential for Vulval
Organogenesis, Tail Remodeling, and Normal Body Morphology eff-1(hy21) was isolated in a screen for temperaturesensitive vulva defects. One hundred percent of adult eff-1(hy21) worms at 25ЊC are egg-laying defective (n ϭ 715), 46% have a protruded vulva (142/306), 18% explode in the vulva region (137/751), and 2% have one or two additional pseudovulvae (14/784), suggesting that cumulative cell fusion failure results in significant defects in the egg-laying machinery. We followed the vulva precursor cell (VPC) lineage and all 25 fusion events involved in vulva development (Figures 1D-1G ; SharmaKishore et al., 1999). In the mutant strain, VPCs were generated correctly in the L1 but remained surrounded by epidermal cells that had failed to fuse into hyp7 (compare Figures 3C and 3D) . Nonetheless, during the mid-L3 stage, three of the VPCs were induced to undergo divisions resulting in the typical array of 22 cells. The other three VPCs divided only once, as in the wild-type, but failed to fuse to hyp7, forming part of an ectopic ventral midline composed of unfused cells ( Figure 3F ). In invagination and terminal vulva formation, migrations, cell contacts, and rearrangements of the 22 vulval cells occurred normally, but all fusions were blocked in eff-1(hy21) ( Figure 3H ).
One hundred percent of hermaphrodites displayed males are unable to mate efficiently, and that male tail (see Supplemental Figure S2F for sequence information). morphogenesis was defective in all L4s and adults analyzed (n Ͼ 50). Patterning of the rays was abnormal and the tip had a spike reminiscent of the hermaphrodite eff-1 Expression Is Induced in Epidermal Cells leptoderan pointed tail ( Figures 3I and 3J) .
Preparing to Fuse General anatomy and behavior are also compromised.
We used a 7.5 kb fragment of eff-1 promoter to drive eff-1(hy21) mutants at 25ЊC are Deformed, Dumpy (n Ͼ GFP in transgenic worms. Expression of eff-1p::gfp was 3000), Uncoordinated (n Ͼ 1000), and small with Scrawny silent through the first third of embryogenesis, first apbody morphology (49/957; Figure 3J ). These defects are pearing about 230 min after first cleavage in a subset much less severe in eff-1(hy21) at 15ЊC and in eff-1(oj55) of epidermal precursor cells ( Figure 4A ). Over the next at all temperatures, showing a correlation between the 3 hr, these and additional fluorescent cells were obseverity of cell fusion failure and abnormal body morserved to migrate over the ventral and dorsal surfaces phology, behavior, and growth. To determine the temof the embryo, and the majority of GFP-positive cells perature-sensitive period (TSP) for the eff-1(hy21) allele, fused to form the hyp6 and hyp7 syncytia. As elongation we used shiftup and shiftdown experiments between progressed, GFP was also expressed in a pair of cells 15ЊC and 25ЊC (see Supplemental Figure S1 Figures S2E and S2F) .
at or before the earliest stage of membrane fusion: cytoplasm remains contained within individual epidermal Sequencing the C26D10.5 coding regions from homozygous eff-1 mutant worms revealed mutations in the excells without spreading through a growing syncytium ( Figures 2H-2K ), adherens junctions remain between tracellular domain, from Pro183 to Leu in eff-1(hy21) and from Ser441 to Leu in eff-1(oj55). cells (Figures 2 and 3) , and membranes between unfused cells appear intact by transmission electron miNeither EFF-1 isoform shows appreciable similarity to any protein of known function. The EFF-1 proteins have croscopy (data not shown). Thus, EFF-1 function must be necessary prior to permeabilization of plasma memdetectable similarity to two other predicted C. elegans proteins, C26D10.4 (89% for both EFF-1A and EFF-1B) branes, diffusion of cytoplasm between cells, and ultimate rearrangement of membrane, cortical, and cytoand C44B7.3 (26% for EFF-1A and 28% for EFF-1B). However, no evidence exists for expression of C26D10.4 plasmic structure ( Figure 4K ). EFF-1 has a strict requirement and specificity for the process of develop-(a possible pseudogene duplication of C26D10.5), and C44B7.3 has not been tested functionally. No other semental cell fusion. The phenotypes of eff-1 mutants shed new light on quenced organisms appear to have genes with sequence homology to eff-1. Interestingly, however, both the mechanism by which cells fuse. Cells must actively acquire fusion competence by expressing a nonredun-EFF-1 protein isoforms are predicted to contain a region similar to known phospholipase A 2 (PLA 2 ) aspartic acid dant set of proteins, of which EFF-1 is an essential component. Furthermore, the cell fusion mechanism is sepaactive sites. In addition, a short hydrophobic stretch within the extracellular domain is reminiscent of known rable from the rest of the biological function of the cell within the organism. The more specific question of how "fusion peptides" within fusogenic viral glycoproteins EFF-1 promotes membrane fusion cannot yet be precells with the vulva primordium induces the epidermal cells to change to a vulval fate. Thus, cell fusion normally cisely answered. However, analysis of the eff-1 gene structure indicates two extracellular motifs that might acts to isolate an interactive group of cells (e.g., the VPCs) and to prevent inappropriate inductions. By furplay physicochemical roles in the function of the EFF-1 membrane glycoprotein ( Figure 4J ). First, a predicted ther studying the eff-1 phenotype, we expect to elucidate the role of cell fusion in tail morphogenesis, pharyn-PLA 2 aspartic acid active site could drive catalytic changes in the chemistry, stability, or local curvature of geal function, and elaboration of the reproductive tract. EFF-1 is the first protein known to be required specifimembrane leaflets. A PLA 2 enzyme has been implicated in mammalian fertilization (Wassarman, 1999) , and it is cally for the fusion of somatic cell membranes in C. elegans. However, EFF-1 is unlikely to act alone. Many conceivable that PLA 2 interfacial catalysis or binding to lipid receptors may drive EFF-1-mediated membrane fusogens in other systems require binding ligands on their targets. Furthermore, each C. elegans epidermal fusion. Second, a hydrophobic-sided ␣ helix within EFF-1 might act similarly to essential "fusion peptides" cell displays remarkable specificity in fusing with one correct cell out of more than ten adjoining neighbors. in a number of viral fusogens (Hernandez et al., 1996) Plenefisch, J., Xiao, H., Mei, B., Geng, J., Komuniecki, P.R., and
